The Internal Sierras (IS) in the southern margin of the Western and Central Axial Zone (Southern Pyrenees) are affected by a syn-orogenic remagnetization that provides information to reconstruct deformation geometries at the time of acquisition of magnetization. Furthermore, the IS structure changes strike along its structural trend, from ∼N120 to 130 • E in the western and eastern margins to ∼N070-090 • E in the central part. Palaeomagnetic techniques have been used to (i) accurately define the timing of remagnetization with regard to deformation and (ii) determine if the along-strike trend variation in the IS was induced by deformation and thrust emplacement during the Pyrenean compression or, on the contrary, was the result of a primary orientation controlled by structures inherited from pre-orogenic times. From 23 new palaeomagnetic sites, collected in Upper Cretaceous marls and marly limestones, two meaningful and stable palaeomagnetic components were resolved, principally carried by magnetite: (1) a lower-temperature component (B) that unblocks between 200 • C and 325-400 • C and (2) a higher-temperature component (C) that has been successfully isolated by means of combined thermal (up to 400 • C) and AF demagnetization (generally up to 50-100 mT). The B component is a late remagnetization that post-dates folding and emplacement of basement thrust sheets in the IS (mainly the Gavarnie thrust). It supports small but statistically significant clockwise rotations in the western part of the IS (from +18 to +26 • ). These rotations can be attributed to the westwards shortening decrease in the thrust system below the Gavarnie unit that results from its along-strike structural change, with a higher number of basement thrusts to the east. The C component has been interpreted as an early remagnetization, based on the results of conglomerate and fold tests. This component predates basement thrusting and is diachronous across the study area: reverse and normal polarities dominate in the eastern and western margins of the IS, respectively. New and previous palaeomagnetic data point out that curvature in the IS is probably a primary feature and the along-strike change in their trend could be interpreted as the result of basement geometrical features inherited from Variscan, Late Variscan or Mesozoic times. A complex, multi-episodic remagnetization probably related to burial and deformation processes occurred during Eocene times.
geometries are primary (normally resulting from the inversion of a previous irregular fault or basin geometry) or secondary (formed by bending of an initially linear structure about a vertical axis) Weil et al. 2010 ). On the other hand, another (not so common) aim of the interpretation of palaeomagnetic components is to determine structural deformations about horizontal fold axis, especially where no palaeohorizontal markers exist (McClelland & McCaig 1989; Villalaín et al. 2003; Soto et al. 2011) .
Remagnetizations are relatively common in rocks subject to thrusting during orogenic evolution (these remagnetizations may be either post-or syn-orogenic, during a particular deformation stage or between two tectonic phases; Stamatakos et al. 1996; Enkin et al. 2000; Lewchuk et al. 2002; Oliva-Urcia et al. 2008; Szabó & Cioppa 2012; Zechmeister et al. 2012) . Syn-orogenic remagnetized components are extremely interesting from the structural point of view because they enable recovery of the shape and orientation of compressional structures at the time of the magnetic overprinting (Stamatakos & Hirt 1994; Jordanova et al. 2001; Lewchuk et al. 2002; Henry et al. 2004; Pueyo et al. 2007) . With regard to the study of vertical and horizontal axis rotations, syn-orogenic remagnetizations make difficult the direct interpretation of paleomagnetic data and require an accurate understanding of the age of acquisition of the remagnetization. It is important to note that remagnetization components which completely replace the primary signal allow quantification of rotations that occurred after the remagnetization event, but the rotational history predating remagnetization cannot be obtained from those palaeomagnetic vectors.
In the Pyrenean range, results from a large number of palaeomagnetic studies carried out in the past decades document differential VARs as well as common development of syn-orogenic remagnetizations (Bates 1989; Dinarès et al. 1992; Pueyo et al. 2002 Pueyo et al. , 2004 Oliva-Urcia & Pueyo 2007; Oliva-Urcia et al. 2010; Mochales et al. 2012; Muñoz et al. 2013; Rodríguez-Pintó et al. 2013) . Several studies have focused on the rotation of structures within the Mesozoic-Cenozoic sedimentary cover (Mochales et al. 2012; Muñoz et al. 2013 and references therein) , where it is easier to constrain the age of rotation from syn-tectonic sediments, but these sedimentary units are absent in the internal zones of the chain. In the central-western part of the Pyrenean Axial Zone (where this study is focused, see location in Fig. 1a ), previous palaeomagnetic studies have been carried out mainly in the Permian-Triassic and Upper Cretaceous cover units cropping out in its southern and northern margins (Van der Lingen 1960; Schwarz 1963; Cogné 1987; Bates 1989 , Oliva-Urcia 2004 Oliva-Urcia & Pueyo 2007; Oliva-Urcia et al. 2008 Izquierdo-Llavall et al. 2014 ). The resulting large data set indicates moderate (between 10 and 20 • ), occasionally strong (up to +45 • ) mean rotations, as well as frequently developed syn-orogenic remagnetizations. The present project is the structural and palaeomagnetic study of the Upper Cretaceous cover of the Pyrenean Axial Zone that crops out in the Internal Sierras (IS; Fig. 1a ). This structural domain shows, in map view, an intriguing feature: an along-strike change in its structural trend, from ∼N120 to 130 • E in its western and eastern margins to ∼N070-090 • E in its central part. Palaeomagnetic data should be useful in order to determine whether this along-strike structural variation is due to secondary rotations induced by deformation and thrust emplacement (similar to oroclinal bending) or, on the contrary, it is a primary orientation, probably linked to the structural control of basement features inherited from pre-orogenic times. In order to solve this question, 23 new palaeomagnetic sites were collected along-strike the IS, and analysed in combination with the palaeomagnetic data provided in the studies by Oliva-Urcia (2004) and Oliva-Urcia & Pueyo (2007) for the same stratigraphic units. In these previous studies, two palaeomagnetic components were reported: a poorly developed, higher-temperature component (C) which was defined in 30 per cent of the sites, and a widespread lower temperature component (B) occurring in 85 per cent of the analysed sites. The C component was interpreted as the primary magnetization because it showed normal and reverse polarities after tectonic correction and could be considered as pre-folding at regional scale (it passed McElhinny's fold test, McElhinny 1964) . For the whole dataset, this component showed a better grouping after tectonic correction, although with a wide dispersion in the inclination values, ranging from subhorizontal to subvertical. The B component was always reversed in polarity and post-folding, and was interpreted as a late remagnetization which recorded a finite mean clockwise rotation of +13 • .
Considering the new and previous data, this work aims to: (i) understand the remagnetization process in the Pyrenean IS and its relationship with deformation (folding and thrusting) during the Eocene orogenic stage; (ii) define the actual meaning of the highertemperature component (C component) found in previous works and (iii) shed some light on the origin of the along-strike changes in the IS using the VARs derived from palaeomagnetic data.
G E O L O G I C A L S E T T I N G
The Pyrenean range is the result of the collision between the Iberian and Eurasian plates during Late Cretaceous-Miocene times. At range-scale, the Pyrenees are divided into three ESE-WNW-striking structural domains ( Fig. 1a ), from north to south: (i) the North Pyrenean Zone (NPZ), where thick sequences of Mesozoic rocks crop out, (ii) the Axial Zone (AZ), formed by metasedimentary and igneous rocks of Palaeozoic age and (iii) the South Pyrenean Zone (SPZ), characterized by the presence of thick syn-tectonic sequences of Cenozoic age. The Pyrenees can be described as a double-vergent, asymmetric fold-and-thrust system (Muñoz 1992; Teixell 1998; Martínez-Peña & Casas-Sainz 2003) that consists of large, south-directed thrust sheets forming the Axial and South Pyrenean Zones and a smaller retrovergent belt mainly involving the NPZ (Figs 1b and c) . The present study is focused on the northern part of the South Pyrenean Zone (SPZ), in the IS domain ( Fig. 1a ).
Stratigraphy of the IS
The Pyrenean IS are formed by Upper Cretaceous to Lower Eocene carbonate sequences that overlie the Devonian, Carboniferous and Permian rocks that form the Western Axial Zone (Fig. 2a ). The stratigraphic sequence of the IS domain includes four main units designated as: (i) Cañones limestones (Fournier 1905) , (ii) Zuriza marls and limestones (Teixell 1992) , (iii) Marboré sandstones (Souquet 1967) and (iv) Palaeocene-Lower Eocene carbonates ( Fig. 2a , see legend):
(i) The Cañones limestones are Cenomanian to Santonian shelf carbonates with a constant thickness of ∼150 m. In the western part of the sampled area, this unit unconformably covers the Palaeozoic units of the western part of the AZ (Ríos- Aragüés et al. 1987a; . Towards the east, the base of the Cañones limestones unconformably overlies the Palaeozoic basement, but the upper part of the unit is affected by small-scale thrusts (Rodríguez-Méndez 2011; Rodríguez-Méndez et al. 2013; Ríos-Aragüés et al. 1987a,b) .
(ii) The Zuriza Fm. consists of siliciclastic and carbonatic sediments deposited in external platform or slope environments (Teixell 1992) . The unit is Campanian to Maastrichtian in age and progressively thins eastward from a maximum thickness of ∼600 m in the western edge of the AZ, grading vertically and laterally into the overlying unit, the Marboré sandstones (Teixell 1992) .
(iii) The Marboré Fm. consists of middle platform bioclastic sandstones, marly limestones and marls of Maastrichtian age. They have a maximum thickness of ∼700 m to the east (Ríos- Aragüés et al. 1987b ) that decreases towards the western part of the study area .
(iv) The Palaeocene-Lower Eocene carbonates consists of limestones, marls and dolomites that have a constant thickness of ∼200 m throughout the study area. This unit was deposited during the last episode of platform sedimentation before the onset of turbiditic deposition in the southern Pyrenean trough.
Since the Late Santonian (i.e. after the deposition of the Cañones limestones), sedimentation was under a compressional tectonic regime, linked to the first stages of flexural bending and the early movements of the Lakora-Eaux-Chaudes thrust system (Labaume et al. 1985; Teixell 1992) , north of the study area (see location of the Lakora-Eaux-Chaudes thrust in Fig. 1b ). Convergence and syntectonic sedimentation continued during Cuisian to Lutetian times, with the deposition of thick sequences of turbidites (the Hecho Group, Mutti et al. 1972) in the Jaca-Pamplona basin (see location in Fig. 1a ). The Hecho Group turbidites are alternating centimetric to decimetric beds of sandstones and shales with interbedded megaturbidites (Labaume et al. 1983; Mutti 1977; Barnolas & Teixell 1994; Remacha & Fernández 2003) mainly made of layers of carbonate megabreccias up to hundreds of metres thick. The turbidites lap onto the Palaeocene-Lower Eocene carbonates and have a maximum thickness of 4500 m (Teixell 1992) .
Structural setting
The present-day structure of the IS is the result of superimposition of two main thrusting events (Fig. 2; Teixell 1992) : (i) development of the Larra-Monte-Perdido thin-skinned thrust system and (ii) the emplacement of the Gavarnie basement nappe. The Larra-Monte-Perdido fold-and-thrust system, active during Mid-Late Lutetian to Bartonian (Remacha et al. 1987; Barnolas et al. 1991; Teixell 1992 Teixell , 1996 , consists of several hectometric to kilometric-scale thrust sheets involving the Upper Cretaceous and Palaeocene to Lower Eocene units of the IS, as well as the basal turbidites of the northern sector of the Jaca Basin (Figs 2b and c) . The main décollement of this thrust system is located in the Zuriza Fm. (Teixell 1992 ), but a secondary detachment level, located in the Cañones limestones has been reported in the central (Rodríguez-Méndez 2011) and eastern part of the study area (Ríos Aragüés et al. 1987b; Fig. 2c ). This thin-skinned thrust system branches to the north in the Lakora-Eaux-Chaudes basement thrust (see location in Figs 1a and b).
The Larra-Monte-Perdido fold-and-thrust system was folded and deformed during Eocene-Early Oligocene due to the emplacement of the Gavarnie basement thrust sheet (Van der Voo 1966; Séguret 1972; Labaume et al. 1985; Teixell 1996; Millán-Garrido et al. 2006; Figs 2b and c) . Development of this range-scale structure produced the passive folding of the basement and cover sequences in a kilometric-scale hangingwall anticline whose backlimb and forelimb crop out north and south of the AZ, respectively (Fig. 1b ). The Upper Cretaceous to Eocene sequence of the IS, affected by the Larra-Monte-Perdido thrust system, was tilted southwards in the forelimb of this regional-scale structure (Figs 2b and c) . The Gavarnie thrust is folded by underlying basement thrusts (Bielsa, Fig. 1c , and Guara-Gèdre, Fig. 2c , Millán-Garrido et al. 2006 ) that are limited to the eastern part of the IS and transported southwards by the Guarga thrust sheet (see Figs 1b and c).
The Gavarnie thrust has been interpreted to be linked to a cleavage-related folding event (Labaume et al. 1985; Teixell 1992; Izquierdo-Llavall et al. 2013a; Rodríguez et al. 2014 ) that affected the whole stratigraphic sequence (from the Palaeozoic basement in the AZ up to the top of the turbidites of the Hecho Group; Fig. 2 and 3 ). The chronological relationship between cleavagerelated folding and the southwards tilting of the IS in the forelimb of the Gavarnie hangingwall anticline (Teixell 1992; Rodríguez-Méndez 2011; Izquierdo-Llavall et al. 2013b; Muñoz et al. 2013 and references therein) indicates a diachronous development of regional cleavage with layer-parallel shortening predating folding and cleavage-related folds developed prior or coevally to the southwards rotation of bedding. The cleavage front (surface separating cleaved from uncleaved units) is oblique to the general trend of folds and its position has been interpreted to be thermally controlled (Holl & Anastasio 1995; Izquierdo-Llavall et al. 2013a ). In the IS, vitrinite reflectance data indicate that cleavage developed at peak temperatures ranging between 160 and 190 • C (Izquierdo-Llavall et al. 2013a; Fig. 3b ).
M E T H O D O L O G Y

Sampling sites
Twenty-three new palaeomagnetic sites, distributed ∼50 km along the strike of the IS, were sampled with a portable water-cooled drill. Each site consists of 9-12 cores distributed through about 10-20 m of the stratigraphic succession. In each site, bedding and cleavage orientations were measured ( Fig. 3b ). Two main considerations were taken into account during the sampling work:
(i) Samples were collected from the portion of the stratigraphic sequence below the main detachment level of the Larra-Monte-Perdido fold-and-thrust system. These sites can be assumed to only register VARs related to basement kinematics (additional VARs related to thin-skinned tectonics could occur in the upper portion of the sedimentary sequence of the IS).
(ii) The samples were collected from the Marboré (19 sites) and the Zuriza (4 sites) Fms because the study by Oliva-Urcia & Pueyo (2007) showed that these two units exhibit a more stable palaeomagnetic behaviour at high temperature than the Cañones limestones. Fine-grained, marly beds were preferably sampled and therefore, although samples belong to two different formations, they are lithologically similar. Additionally, we sampled particular sites for conglomerate and fold tests to better constrain the age of magnetization. One site (IP7) was sampled in one of the northern megaturbidites interbedded in the turbiditic infill of the Jaca-Pamplona basin (the megaturbidite 3 or Villanúa megaturbidite, see location in Fig. 2b ). This megaturbidite is ∼200 m thick ) and its base is made of a carbonate megabreccia containing clasts of centimetric to hectometric size eroded from the Palaeocene-Lower Eocene carbonates and the Zuriza marls. This basal megabreccia was sampled for a conglomerate test. Besides, two hectometric-scale folds were sampled in the central part of the study area (sites SI8 and SI10 and sites SI16 and SI17) for fold tests.
Laboratory procedures
Demagnetization of the samples
Specimens were measured and demagnetized at the Pacific Northwest Palaeomagnetic Laboratory (Western Washington University, WA, USA) in a magnetically shielded room. Two samples per site were selected for pilot thermal and AF demagnetizations, using an ASC oven (Model TD48) and a D-Tech D-2000 AF demagnetizer, respectively. Magnetizations were measured with a 2-G cryogenic magnetometer and susceptibility was monitored during thermal demagnetization using a Bartington MS-2 dual frequency susceptibility meter. In the thermal demagnetizations, most of the pilot samples showed a sharp increase in susceptibility and magnetic moment at temperatures between 450 and 550 • C that was accompanied by strong changes in the direction of the magnetization. AF demagnetization was effective (the remanent magnetization at 100-125 mT is lower than 20 per cent of the NRM) in 78 per cent of the pilot samples but complex demagnetization diagrams were obtained in ∼40 per cent of the specimens.
To evaluate the influence of coarse grain magnetite, additional samples underwent a low temperature treatment (Housen et al. 2003) : they were submerged in liquid nitrogen (∼77 K) for 10-15 min, warmed at low magnetic field in the air-cooled end of the TD48, and their magnetization was measured immediately after warming them to room temperature. Significant differences in magnetizations were observed between the NRM and the measurements after the low-temperature treatment, evidencing the contribution of coarse grain magnetite (which usually carries viscous, recent magnetizations without interest from the geological point of view) to the natural remanent magnetization of the samples.
Considering the results of the pilot experiments, we decided to adopt the following demagnetization procedure: (1) measurement of the NRM, (2) low temperature treatment of the samples to eliminate the contribution of coarse grain magnetite, (3) thermal demagnetization up to 400 • C and (4) AF demagnetization to fully remove the remaining magnetization. The palaeomagnetic components were fitted using the PCA method (Kirschvink 1980) and site means and confidence angles were computed using Fisher (1953) statistics. For both, we used the software Remasoft (Chadima & Hrouda 2006) . The statistical confidence of the fold test was determined by McFadden & Jones (1981) method.
In site IP7 (conglomerate test), 10 samples from different carbonate and marly clasts and nine samples from the fine-grained carbonate matrix were demagnetized (note the lithological similarity between the clasts and the matrix). The results of this conglomerate test are key data in the understanding of the acquisition time for the palaeomagnetic components in the IS.
Magnetic mineralogy analyses
Different magnetic mineralogy experiments were conducted on the samples from the Marboré and the Zuriza Fms. in order to characterize the carriers of the palaeomagnetic components. The rock magnetism analyses comprise (i) isothermal remanent magnetization (IRM) acquisition curves (Dunlop 1972) and backfield experiments, (ii) thermal demagnetization of composite IRM (Lowrie test; Lowrie 1990 ) and (iii) hysteresis loops. All the experiments were performed in the Pacific Northwest Palaeomagnetic Laboratory (Western Washington University, USA).
IRM acquisition curves, backfield experiments and hysteresis curves were measured on 24 rock chips (0.3-0.5 g) using a Vibrating Sample Magnetometer (Princeton Measurements Corporation, MicroMag model 3900). IRM and backfield curves were defined by 25 measurements of magnetic remanence in non-linearly increasing magnetic fields up to a maximum of 1 T. Additional measurements of IRM acquisition up to 2.5 T were conducted on 12 selected standard specimens using a pulse magnetizer (ASC Scientific, Model IM-10-30). Hysteresis measurements on the same chips were averaged over five field cycles up to 1.5 T.
Stepwise thermal demagnetization of composite IRM was performed in one standard specimen per site. The IRM was imparted in three decreasing magnetic fields (2.5, 0.12 and 0.02 T) along +Z, +Y and +X axes, respectively, prior to thermal demagnetization. The magnetic fields were applied using a pulse magnetizer (ASC Scientific, Model IM-10-30) and their intensities were selected considering AF demagnetization behaviours as well as the samples response to the low-temperature treatment.
S T RU C T U R A L DATA
In map view, the IS display an arcuate geometry due to alongstrike changes in the trend of the structure. Three different zones can be recognized at regional scale (see location in Fig. 2a ): zone 1, to the west, with N120 o E trend; zone 2, in the central part of the study area, with N080 o E trend and zone 3, to the east, with N125 o E trend. This change in the general trend of the structure is also recognized in the distribution of bedding and cleavage planes ( Fig. 4 ). Rose diagrams constructed from structural data collected in different transects indicate dominant bedding strikes that range between N100 • E and N120 • E in zone 1 (western part), between N070 • E and N090 • E in zone 2 (central part) and between N100 • E and N140 • E in zone 3 (eastern part). The strike of cleavage approximately mimics the distribution of bedding strikes: cleavage is N090-N120 • E-striking in zone 1, N070 • E-N100 • E-striking in zone 2 and N110-N120 • E-striking in zone 3. Most bedding planes dip shallowly to the south, but shallowly north-dipping or intermediate to steeply south-dipping planes are recognized in zones 1 and 2, respectively ( Fig. 4 ).
Cleavage has shallow to steep dips to the north, except in particular outcrops located in zone 2, where cleavage dips south (Fig. 4) . The intersection lineation between cleavage and bedding is typically subhorizontal and with trend that changes along-strike as the strike observed in both cleavage and bedding planes ( Fig. 5 ).
PA L A E O M A G N E T I C DATA
Magnetic mineralogy of the Marboré and Zuriza units
The analysed samples had NRM moments ranging between 3.6 and 0.04 mA/m and magnetic susceptibilities between 40 and 209 × 10 −6 SI (average of 124 × 10 −6 S.I. units, Table 1 ). Samples from most sites in the Marboré and Zuriza Fms have similar magnetic behaviours as documented by the IRM and composite IRM analysis.
IRM acquisition curves show that most (∼75 per cent) of the selected samples are totally (or almost totally) saturated at magnetic fields that vary between 150 and 900 mT but are generally below 500 mT (Fig. 6a ). The coercivity of remanence in the backfield analysis (Hcr) ranges between ∼15 and 55 mT. In 25 per cent of the analysed samples (from sites SI1, SI3, SI6, SI7, SI9, SI13 and SI14), IRM acquisition curves do not reach saturation and have values of Hcr (ranging between 35 and 1200 mT) that would indicate varied contributions of low and high-coercivity carriers (Fig. 6b ). The separation of components by means of the IRM-CLG 1.0 worksheet (Kruiver et al. 2001 ) distinguishes three different ferromagnetic contributions (Figs 6c and d):
(1) A low coercivity component (component 1 in Fig. 6c ) that was defined in ∼30 per cent of the samples, has a mean coercivity (B 1/2 ) between 5 and 25 mT and contributes 10-35 per cent to the total IRM.
(2) An intermediate coercivity component, found in all the analysed samples (component 2 in Figs 6c and d ), that has a mean coercivity (B 1/2 ) ranging between 30 and 40 mT and contributes 10-100 per cent to the total IRM. In all non-saturated curves, the contribution of this component is lower than 65 per cent.
(3) A hard magnetic carrier which contributes 5-90 per cent to the IRM and occurs in ∼50 per cent of the samples (component 3 in Fig. 6d ). Non-saturated curves show the highest contributions (>35 per cent) of this hard magnetic component. (Lowrie test; Lowrie 1990; Fig. 7) indicate that, in 65 per cent of the analysed samples, most of the magnetization is along the intermediate axis (120 mT) and shows a sharp decay at temperatures of 500-575 • C, in the range of magnetite ( Fig. 7a ). In 35 per cent of the samples, curves indicate the dominance of a hard coercivity carrier (hard axis, 2.5 T) that unblocks between 660 and 690 • C, in the range typical of haematite ( Fig. 7b ), although the hard axis commonly shows an additional intensity decay at around 325 • C that indicates the presence of iron sulphides, probably pyrrhotite ( Fig. 7a ). Most of the composite IRM diagrams show that a small part of the magnetization is along the soft axis (20 mT) and probably corresponds to the coarse grain magnetite (MD magnetite) whose contribution was inferred from the low temperature treatment results. The relative contribution and coercivities of the three components isolated in the composite IRM are consistent with those defined from the IRM acquisition curves: the soft (MD magnetite), intermediate (SD magnetite) and hard axis (iron sulphides and haematite) in the composite IRM correspond to the low, intermediate and high coercivity components inferred from the IRM decomposition.
Results of stepwise thermal demagnetization of composite IRM
Although the presence of high coercivity minerals is detected by the IRM and composite IRM analysis, it is important to note Rose diagrams show the dominant strike for bedding and cleavage planes. Plots show the orientation of the poles to bedding and cleavage planes and the corresponding density diagrams (contour interval = 2-5 per cent). Great circles represent bedding planes corresponding to pole maxima and sub-maxima in the density diagrams. Plots were generated using the Stereonet 8.8.6 program ). that (i) remanence was cancelled in almost 80 per cent of the AF pilot samples, (ii) the combined thermal (up to 400 • C) plus alternating field demagnetization was successful in 27 out of the 28 sites and (iii) unblocking temperatures are generally in the range of magnetite. These results indicate that although hard or intermediate magnetic carriers (iron sulphides and haematite) are present in the analysed samples they do not significantly contribute to the remanent magnetization.
Hysteresis loops usually show a wasp-waisted shape (Fig. 8) , typical of remagnetized carbonates (Jackson 1990; Channell & McCabe 1994) with SD and SP (single domain and superparamagnetic) mag-netite mixtures (Tauxe et al. 1996) or with different ferromagnetic phases (Muttoni 1995; Roberts et al. 1995) . In site SI-6 ( Fig. 8d) , where hard magnetic minerals were detected (Figs 6b and d ), the hysteresis loop shows a goose-necked shape, typical of magnetite and haematite mixtures (Tauxe 2008) . The Day diagram ( Fig. 9 , Day et al. 1977) was constructed from the parameters obtained in the hysteresis loops and the back-field experiments. The distribution of the samples in the Day plot indicates a mixture of single domain (SD) and multidomain (MD) grains with the location of the samples between the SD + MD and the SP + SD theoretical mixing curves (Dunlop 2002) .
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Intersection lineation bedding/cleavage N = 49 N = 30 N = 13 Fig. 10d ). Nonetheless, in most of the samples, component C has been mainly isolated with AF demagnetization to 50-100 mT after heating the sample up to 400 • C (Figs 10a, b and f) . The observed unblocking temperatures and AF effective fields are consistent with the magnetic mineralogy experiments and evidence that magnetite is the main carrier of both, components B and C (although a small contribution of pyrrhotite cannot be completely discarded as carrier of the B component). Only in site SI-6 was a higher unblocking temperature (∼670-690 • C) detected (Fig. 10d ), which indicates that the C component is carried by haematite (component B is not present). According to polarity and unblocking temperatures, the described B and C components correspond to the B and C components, respectively, defined by Oliva-Urcia & in this area. The B component is better grouped in geographic coordinates (Dec = 192 • , Inc = 45 • , α 95 = 9 • , k = 22, N = 12 sites) and has a constant reverse polarity (Fig. 11a) . After tectonic correction, component B has a higher dispersion, with directions distributed along a N-S great circle that is perpendicular to the regional fold axes (Fig. 11b ). This distribution strongly suggests a post-folding acquisition of component B, which is confirmed by the two fold tests (FT1 and FT2; the latter in Fig. 11c ) presented in Table 4 .
Component C shows a bimodal distribution but dominant normal polarities in geographic coordinates (Fig. 12a ). After bedding correction, 60 per cent of the sites show normal polarities with variable inclinations (ranging between 25 and 70 • ) and 20 per cent of the sites display a reverse polarity (Fig. 12b ). Three fold tests were carried out in folds of hectometric to kilometric wavelength, located in the central and western part of the study area (zones 1 and 2, see location in Fig. 2a ). A complex timing of remagnetization relative to folding that varied along strike is inferred for component C (Table 4 ) because:
(i) To the eastern part of zone 2 (sampling sites SI16-SI17, Fig. 2a ), the fold test is positive at the 95 per cent level of confidence and indicates a pre-folding acquisition of component C, that is reversed in polarity after bedding correction (FT3 in Table 4 , Fig. 12c ). (ii) In the central part of zone 2 (sites SI8-SI10), component C has almost antipodal directions in geographic coordinates and a relatively better grouping in geographic coordinates than after tectonic correction (if site SI-8 is inverted, see Fig. 12d ). These results suggest that the time of acquisition of the C component varied from the northern to the southern limb of the sampled structure, and points to a late syn-folding to post-folding acquisition during a certain time window (at least two different chrons with different polarity). The fold test is significant at the 95 per cent level of confidence and indicates a late synfolding acquisition for component C, with the best statistical solution for 20 per cent of unfolding (FT4 in Table 4 ; Fig. 12d ). The orientation of the C component for the optimal unfolding (Dec = 166 • , Inc = 45 • ) is not consistent with the expected palaeofield direction for the study area during Cretaceous-Cenozoic times (see comments in Section 5.3), and this anomalous orientation suggests later reorientation during a post-folding tectonic event.
(iii) in the transition between zones 1 and 2 (sites SI-3 and SI-4), the fold test is significant at the 95 per cent level of confidence and shows a syn-folding acquisition for component C, with the best statistical solution for the 60 per cent of unfolding (FT5 in Table 4 ; Fig. 12e ). The orientation of the C component for the optimal unfolding percentage is Dec = 359 • , Inc = 41 • . Table 4 .
Towards the western part of the study area (zone 1), folds could not be sampled in this work. Nonetheless, data from Oliva-Urcia & allow the elaboration of the two additional fold tests in Fig. 13: (i) For the Aragón valley (zone 1, sites TOR2, from Oliva-Urcia & Pueyo 2007, and IP4, from this study, see Table 3 ), the fold test shows the optimal grouping of the C component for −10 to −1 per cent of unfolding (post-folding acquisition). In the discussion we will refer to this fold test as AFT1 (additional fold test 1).
(ii) Conversely, for the Lizara valley (zone 1, sites MG2 and ARG4, from Oliva-Urcia & Pueyo 2007), the fold test shows the optimal grouping of the C components for 82-106 per cent of unfolding (pre-folding acquisition). In the discussion we will refer to this fold test as AFT2 (additional fold test 2).
From the fold-test results, a complex relationship between the acquisition time of component C and the progression of folding is inferred. A discussion in terms of different folding or thrusting stages and/or acquisition times will be addressed in Section 6.2.
The conglomerate test results in site IP7 (where beds dip shallowly to the south) are a significant clue in understanding the palaeomagnetic data in the IS. Both the B (with reverse polarity) and the C (with normal polarity) components can be clearly identified in both matrix and clast samples. Directions from clasts and matrix overlap ( Fig. 14) and are well grouped. These results indicate that both components have a secondary origin (i.e. result from post-depositional remagnetization).
Palaeomagnetic references
To quantify the amount of vertical and horizontal axis rotations it is necessary to compare our dataset to a reference direction in the study area during the time of acquisition of the magnetization. The conglomerate test results (see Section 5.2) indicate that the observed palaeomagnetic components are not primary: we are not detecting a characteristic remanent magnetization acquired during deposition of the Marboré and Zuriza Fms. (Campanian to Maastrichtian age). On the contrary, both palaeomagnetic components correspond to remagnetizations at different stages during Pyrenean folding in this ; Séguret 1972; Teixell 1996; Millán Garrido et al. 2000 . Thus, the Eocene-Oligocene reference direction has been calculated for a common reference point located in the centre of the study area (42 • 41 N, 0 • 10 W). To calculate the reference direction we used the mean declination and inclination obtained in seven different magnetostratigraphic profiles in the Eocene-Oligocene sediments in the northeastern part of the South-Pyrenean Ebro foreland basin [from sectors 1, 2 and 3 in Taberner et al. (1999) and from mean, normal polarity components in the Miralles-La Tossa Table 5 and shown in Fig. 15(a) . In zone 2, the along-strike data distribution and the stereoplot indicate the presence of two subgroups: in the western zone, the average B component is Dec = 206 • , Inc = −37 • (α 95 = 9.5 o , k = 24, N = 10); in the eastern zone, the average B component is Dec = 180 • , Inc = −50 • (α 95 = 13 • , k = 24, N = 6). When compared to the reference (Fig. 15a; Table 5 ), the average values of this component allow calculation of mean clockwise VARs of +18 (±12 o ) in zone 1 and +26 (±15.69) in the western part of zone 2. It is important to note that these rotations are small but statistically distinguishable from the Cenozoic reference, and because of its post-folding character, no bias is introduced by tectonic corrections. In the eastern part of zone 2 the average B component is not rotated with respect to the Cenozoic reference whereas in zone 3 the mean B component is slightly rotated anticlockwise (−7 ± 21.7 • ), although this small rotation is not distinguishable from the reference (Fig. 15a ; Table  5 ). Directions from the western, rotated part of the IS (zones 1 and western part of zone 2) are statistically different from those obtained in the eastern, non-rotated zone (i.e. relative rotations between the two regions are significant, see Fig. 15b ).
The mean inclination of component B is similar to the inclination of the Eocene Oligocene reference (47 • ) in zones 1, 3 and the eastern part of zone 2, but it is slightly shallower in the western part of zone 2. This along-strike variation in the inclination of the B component could indicate that bedding planes had completely acquired their present southwards dip in the western and eastern sectors of the Fig. 11) . Statistics for the fold test are included in Table 4 . . Additional fold tests for the western sector of the IS, using previous palaeomagnetic data by Oliva-Urcia & Pueyo (2007) . These previous data are included in Table 3 . Fold tests have been carried out using the bootstrap and fold test tools by Tauxe (2010, PmagPy software available from http://earthref.org/PmagPy/cookbook). study area before acquisition of component B but tilting continued after its acquisition in the central part of the IS. This relationship allows to infer that the acquisition of the B component post-dates emplacement of basement thrust sheets in most of the IS domain although it could be syn-tectonic to the last stages of growth of the AZ anticline in the central part of the IS.
Acquisition time of the C component
The C component has both normal and reverse polarities and a strong scattering in both geographic and tectonic coordinates (Fig. 11) . In spite of showing normal and reverse polarities, it is a secondary component (see conglomerate test results, Fig. 14) and can be interpreted to have different timing relationships with regard to folding along-strike in the study area (see fold test results in Section 5.2). A more detailed analysis of the structures sampled is needed to understand how C component is related to the structural evolution of the IS. The deformation history of this zone of the Pyrenean range can be summarized as follows (further details on the deformation sequence in the IS and related references can be found in Section 2.2): (i) emplacement of the Larra-Monte-Perdido thinskinned thrust system, (ii) development of cleavage-related folds affecting the whole stratigraphic sequence (from Palaeozoic up to Cenozoic units) and (iii) passive, kilometric-scale folding of the basement and cover units by basement thrusts. The main basement thrust in the study area is the Gavarnie thrust, which produced the southwards tilting of the stratigraphic sequence in the IS. Towards the eastern part of the study area, the Gavarnie thrust sheet is deformed by the underlying Bielsa (Fig. 1c) and Guara-Gèdre thrusts (Fig. 2c) whereas the Guarga basement thrust (Figs 1b and c) passively transported the entire cover of the South Pyrenean Zone to the south during Oligocene-Miocene times.
The relationships among folding, wholesale deformation linked to basements thrusts and orientation of palaeomagnetic vectors of the C component suggest varied acquisition times for this component with regard to folding and thrusting along the IS (Fig. 16): (i) For FT3 (see location in Fig. 2a ), the C component fits with the Eocene-Oligocene reference for bedding planes unfolded and shallowly dipping to the north (∼10 o ). This palaeomagnetic component was probably acquired prior to cleavage-related folding but after the early compressional stages (emplacement of the Monte-Perdido thin-skinned thrust system) because bedding was not totally horizontal at the time of acquisition (Fig. 16a ). The magnetic field was reversed in polarity when the C component was acquired there.
(ii) For FT4 (see location in Fig. 2a ), the C component overlaps the Eocene-Oligocene reference for bedding planes that are folded and rotated Northwards about a horizontal axis with respect to the present-day cross section: bedding in sites SI-8 and SI-10 (to the north) should be rotated an average of ∼85 o whereas site SI-6 (to the south) requires a rotation of only ∼10 o to fit the reference vector. The C component was probably acquired after cleavage-related folding, since bedding was folded before remagnetization, but prior to the emplacement of the basement thrust sheets (Gavarnie and Guara-Gèdre in this area), which gave rise to the passive folding of cover units and southwards rotation of bedding (Fig. 16b) . The time span for the acquisition of the C component in this structure includes chrons of both, normal and reverse polarity magnetic fields.
(iii) For FT5 (see location in Fig. 2a ), the C component fits with the Eocene-Oligocene reference for bedding planes that are slightly folded and dip shallowly to the south (∼10 o S in site SI-3 and ∼25 o S in site SI-4). The present-day dip is higher, 36 o S for SI-3 and 73 o S for SI-4, and thus, indicates that there was an additional South-wards tilt of bedding planes of ∼25 o and ∼50 o , respectively, after the acquisition of the C component, related to the growth of the kilometric-scale anticline in the hangingwall of the Gavarnie basement thrust (Fig. 16c ). The C component was probably acquired before emplacement of the Gavarnie basement thrust sheet, during a period of normal polarity magnetic field for sites SI-3 and SI-4 (nonetheless, a reverse polarity component was obtained in site SI-1, located about 1 km to the west of SI-3).
(iv) For AFT1 (see location in Fig. 2a ), the C component overlaps the Eocene-Oligocene reference when bedding planes are folded but rotated northwards with respect to their present-day attitude: bedding in sites TOR-2 and IP-4 should be rotated ∼25-30 o respectively to fit the Eocene-Oligocene reference vector. These rotations equal the passive folding of cover units due to the emplacement of the Gavarnie basement thrust sheet, which produced an average southwards tilt of 20-25 • in this sector of the IS , see Fig. 16d ). Therefore, the C component was acquired prior to the emplacement of the Gavarnie basement thrust but after cleavagerelated folding since beds were already folded when the remagnetization occurred. The magnetic field was normal in polarity when the C component was acquired.
(v) For AFT2 (see location in Fig. 2a ), the C component fits with the Eocene-Oligocene reference when bedding planes are unfolded and horizontal (MG2 in the northern limb) or slightly dipping to the north (25 o N in ARG-4 in the southern limb). The C component was acquired prior to cleavage-related folding but after the early compressional stages (development of the Larra thrust system) because bedding was already slightly deformed in site ARG-4 ( Fig. 16e ). MG2, in the northern limb, is located below the main detachment level of the Larra thrust system and, accordingly to our interpretation, beds were not tilted in this site when the remagnetization occurred. The time span for the acquisition of the C component includes chrons of both normal and reverse polarity magnetic field.
The C component was also recognized by Oliva-Urcia & Pueyo (2007) but their interpretation differed from the interpretation given in the present work: they considered that this palaeomagnetic component had a primary origin based on (i) the observation of normal and reverse polarities along the IS and (ii) the results at regional scale of the McElhinny (1964) fold test, that indicated a pre-folding acquisition for this component. One of the aims of the present work was to carry out a more detailed analysis of this component, and in order to achieve this objective we performed a conglomerate test and analysed the acquisition time for the C component not at the regional scale but in particular structures, where the geometrical relationship between thrusting and cleavage-related folding is well defined from previous geological cross sections and structural studies (Ríos Aragüés et al. 1972; Labaume et al. 1985; Ríos-Aragüés et al. 1987a,b; Alonso & Teixell 1992; Teixell 1992; Rodríguez-Méndez et al. 2013; Izquierdo-Llavall et al. 2013a ). Furthermore, the combined use of thermal and AF demagnetization was successful and permitted detection of the C component in a higher percentage of a Bedding in SI-4 was slightly tilted to the South when component C was acquired. Post-thin-skinned thrusting, pre-basement thrusting.
Bedding was folded when C was acquired but additional Southwards tilt ocurred after its acquisition.
Post-folding, pre-basement thrusting.
Post-folding and pre-basement thrusting.
Bedding was slightly tilted to the North when C was acquired. Post-thin-skinned thrusting, prefolding and pre-basement thrusting.
Bedding was slightly tilted to the North when C was acquired. Post-thin-skinned thrusting, prefolding and pre-basement thrusting. samples than in the previous study by Oliva-Urcia & Pueyo (2007) where only thermal demagnetization was used. These new considerations allowed us to determine that the C component is not primary but rather is a remagnetized component showing a complex, syndeformation character. Taking into account data from Oliva-Urcia & and from this study (and grouping them in sectors coinciding with the fold tests in Section 5.2), the stereoplots in Fig. 16 were constructed (FT3, FT4, FT5, AFT1 and AFT2): in FT4 and FT5, the components are not well grouped neither in geographic nor in stratigraphic coordinates; in AFT1 the C components show a better grouping in geographic coordinates, with a small dispersion in the declination, but the inclination of the mean vector is shallower than the Eocene-Oligocene reference; in AFT2, the components are better grouped after tectonic correction but show a small dispersion in inclination, that is consistent with the existence of an early deformation of bedding before the C component was acquired. 
Evolutionary model and tectonic implications
The Larra-Monte Perdido thrust system was active during Mid-Late Lutetian to Bartonian times according to tectonics-sedimentation relationships (Remacha et al. 1987; Barnolas et al. 1991; Teixell 1992) . The Gavarnie basement thrust developed during Early-Middle Priabonian to Rupelian times in the western part of the study area (Teixell 1992 ) and during Early Bartonian to Mid Rupelian towards the eastern part (Millán-Garrido et al. 2006) . It is deformed by the Bielsa (Fig. 1b) , Guara-Gèdre (Fig. 2c) and Guarga (Figs 1b and c) thrusts. The latter was active during the Late Oligocene and Miocene (Pocoví et al. 1990; Teixell 1996; Millán-Garrido et al. 2000) . Cleavage related folding in the IS post-dates emplacement of the Larra-Monte-Perdido thin-skinned thrust system and palaeomagnetic data support that it predates (or is early with regard) the southwards tilt of the IS produced by the growth of the Gavarnie hangingwall anticline. The two remagnetization events interpreted in this study occurred during different stages of the Cenozoic Pyrenean compression and totally erased the primary signal in the analysed rocks. Because of the particular conditions of the Pyrenean basins, a chemical mechanism for remagnetization, linked to remobilization of iron during the orogenic period and in relation to sedimentary and/or tectonic load and migration of orogenic fluids can be considered (Oliver 1986; McCabe & Elmore 1989; Jackson 1990; Banerjee et al. 1997; Oliva-Urcia & Pueyo 2007; Oliva-Urcia et al. 2008; Aubourg et al. 2012; Muñoz et al. 2013) . The history of the study area can be portrayed as "lines" of relative chronology shown in Fig. 17 , assuming the previously mentioned time brackets for the different deformation events and taking into account (i) the relative chronology between remagnetization and structures inferred from the restoration of palaeomagnetic data (see Sections 5.2, 6.1 and 6.2) and (ii) the observed magnetic field polarities.
The older remagnetization event (C component) was diachronous through the study area, since normal and reverse polarities are recognized, and was acquired in different deformation stages depending on the structural position of the sites (Figs 16 and 17) : it is pre-cleavage related folding but probably syn-or post-thin skinned thrusting in FT3 (reverse polarity) and AFT2 (normal and reverse polarities) but post-folding (or late syn-folding) and pre-Gavarnie thrust in FT4 (reverse and normal polarities), FT5 (normal and reverse polarities) and AFT1 (normal polarity). In general terms, the C component has a dominant reverse polarity towards the eastern part of the IS and a dominant normal polarity towards its western part. Considering the geomagnetic polarity time scale (GPTS) for the Lutetian-Priabonian, and the age of deformation, this along-strike variation in the polarity of the C component suggests that it could have been acquired mainly during the C19 chron or the lower part of C18 chron (reverse polarities are dominant) to the east and during the upper part of the C18 chron or during C17 or C16 chrons (normal polarities are dominant) to the west. Remagnetization was probably simultaneous with the maximum burial and peak temperature conditions in the IS (160-190 • C, Izquierdo-Llavall et al. 2013a) , which favoured iron mobilisation. The C remagnetized component defined in this work is consistent with the remagnetization found by Muñoz et al. (2013) in the Ainsa oblique zone, in the western margin of the SPCU (see location in Fig. 1a ). In this area, normal and reverse polarity remagnetizations were observed and showed moderate values of clockwise rotation that are lower than those defined from the primary magnetization in closely located sites. Considering the age of rotation in the western part of the SPCU, these authors proposed that remagnetization took place during Middle-Late Eocene times, accordingly with the age inferred for the C component in the IS.
The younger remagnetization event (B component) has been interpreted to post-date basement-induced tilting in the IS except in the western part of zone 2 (see location in Fig. 2a) , where it may be coeval with the last stages of growth of the AZ anticline. Component B was assigned by Oliva-Urcia & Pueyo (2007) to the C12R chron, which is the longest reverse polarity chron in the Rupelian. In general terms, this component does not show VARs (or is slightly rotated anticlockwise) in the east, but does show small, statistically significant clockwise rotations to the west (+18 • in zone 1 and +26 • in the western part of zone 2). The comparison of these late rotations to the rotations inferred from the C component indicates that, at least for zone 1, no significant VAR occurred between the last stages of folding and the acquisition of the B component. Rotations in the western sector of the IS are the result of the westwards decrease in the shortening associated with the basement thrust system below the Gavarnie unit (Bielsa, Guara-Gèdre and Guarga thrusts, see Figs 1b and c and Figs 15a and 17) . The Guarga basement thrust is continuous along the study area, but the Bielsa and Guara-Gèdre thrusts are smaller-scale thrust sheets that are limited to the eastern margin of the IS and end laterally to the west (Fig. 17) . The additional shortening to the east associated with these thrusts (and perhaps the westwards shortening decrease in the Guarga basement thrust) control the occurrence of clockwise VARs in the western part of the IS.
Taking into account these rotations, we can tentatively reconstruct (Fig. 17) the orientation of the southern front of the IS after restoring the VARs calculated from component B. The resulting geometry (see Fig. 17 ) indicates that the IS do not result from VARs of an initially linear structure. On the contrary, their originally curved front could be related to an inherited basement geometry (assuming no rotation occurred prior to the acquisition of the remagnetized palaeomagnetic components) that was reactivated by basement thrusts during the Pyrenean compression: its western and eastern fragments (zones 1 and 3) could be NW-SE to WNW-ESE-striking structures that were connected by a slightly oblique structure, striking NE-SW in its central part (zone 2). These fault strikes (N110 • E and N060 • E) were recognized by Bixel & Lucas (1983) in the pre-orogenic sequence to the south of the Western Axial Zone, related to basin configuration and magmatism during Stephanian-Permian times (Bixel & Lucas 1983 ).
C O N C L U S I O N S
The new palaeomagnetic data presented in this work allow for the first time two remagnetization events to be distinguished in the Upper Cretaceous units (Marboré and Zuriza Fms.) of the Pyrenean IS. These events are represented by two stable components: a lower-temperature, reverse component (B) that post-dates folds and basement thrusting, and a higher-temperature component (C) that was successfully isolated by a combined thermal and AF demagnetization technique. The results from a conglomerate test on clasts and matrix in the lower Eocene syn-tectonic deposits of the Jaca basin, as well as the careful analysis of the C component in particular structures, support the reinterpretation of this component as an early remagnetization that is pre-to post-folding in different areas, but everywhere pre-dates tilting induced by the emplacement of basement thrust sheets below the IS (the Gavarnie thrust mainly). This remagnetization is diachronous along the IS: it is dominantly reversed in polarity to the east but dominantly normal to the west. The B component shows small but statistically significant clockwise rotations in the western part of the IS (from +18 to +26 • ) that are similar to the rotations calculated (when possible) from the C component. These rotations can be attributed to the westwards shortening decrease in the thrust system below the Gavarnie unit that is result of its along-strike structural change, with a higher number of basement thrusts to the east. According to the results obtained, the along-strike change in the trend of the IS could be interpreted as the result of basement geometrical features inherited from previous times (Variscan Orogeny, Late Variscan tectonics or Mesozoic extension). 
Guarga thrust sheet
